We investigate the consequences of heavy quark spin symmetry (HQSS) on hidden-charm pentaquark P c states. As has been proposed before, assuming the P c (4440) and the P c (4457) as S-wavē D * Σ c molecules, seven hadronic molecular states composed ofDΣ c ,DΣ
I. INTRODUCTION
Following the first observation of two hidden-charm pentaquark candidates, the P c states named P c (4380) and P c (4450), in the J/ψp invariant mass distribution of the decay Λ b → J/ψK − p [1] , the LHCb collaboration reported three narrow peaks P c (4312), P c (4440), and P c (4457) in Ref. [2] with the full Run I and Run II data sets. The P c (4312) peak is new (it seems to stick out the background in a single bin in the coarser binning in Ref. [1] ), and the P c (4450) structure is split into two finer narrow peaks P c (4440), and P c (4457). Because these peaks are close to theDΣ c and theD * Σ c thresholds, the interpretation of them as D ( * ) Σ c hadronic molecules is a natural idea. Hadronic molecule is a bound state of two colorsinglet hadrons. Analogous to the deuteron and other nuclei as proton-neutron bound states, hadronic molecules are expected to provide rich structure in hadron spectrum (for a review on hadronic molecules, we refer to Ref. [3] ). One famous example of hadronic molecular candidates in the light baryon sector is the Λ(1405) which is well described as an S-wavē KN bound state [4] [5] [6] [7] (see Refs. [8, 9] for review articles). Hadronic molecular pentaquarks with hidden charm were expected to exist [10] [11] [12] [13] [14] [15] [16] [17] [18] prior to the LHCb discovery. Particularly the new observation of the three peaks in the J/ψp channel [2] has been encouraging studies in this field (see also Refs. [3, [46] [47] [48] [49] [50] [51] [52] [53] for reviews on the earlier literature).
For the study of hadronic systems containing heavy quarks, heavy-quark-spin symmetry (HQSS), which emerges because of the decoupling of the heavy quark spin in the limit of infinitely large quark mass in the Lagrangian of Quantum Chromodynamics (QCD) [54] [55] [56] , is an essential tool to make predictions. Different scenarios of the exotic hadrons are expected to lead to HQSS predictions that can be used to distinguish them [57] . Particularly in the P c mass region, there existDΣ c ,DΣ
. The predictions were made by fixing the only two parameters to reproduce the masses of the P c (4440) and P c (4457) as J P = 1/2 − and 3/2 −D * Σ c molecular states. The results obtained in Ref. [20] using a different formalism are similar, and the reference also finds a good agreement between their results and measured values for the widths of observed P c peaks.
On one hand, in the updated LHCb measurements [2] , the P c (4312) is discovered with a significance of 7.3σ, and the most visible structure at around 4.45 GeV is resolved into two narrow peaks P c (4440) and P c (4457) with a significance of 5.4σ, while there are no other peaking structures that can be unambiguously distinguished from statistical fluctuations.
On the other hand, in the hadronic molecular picture, seven states are expected to exist with six of them being able to decay into the J/ψN in an S-wave. Therefore, one important question to be answered in the hadronic molecular model is why only three P c states were observed. To answer this question, the decays of the P c states into the J/ψp are an essential ingredient.
In Ref. [19] , the decays of the observed three P c states into J/ψp through theD
triangle loops are considered, the obtained partial widths are of the order of a few to ten MeV.
Since the total widths of the P c (4312), P c (4440) and P c (4457) are 9.8 1 the results in Ref. [19] would mean that the branching fractions of the J/ψN mode are much larger than the model-dependent upper limit set by the GlueX experiment [42] . 2 One notices, however, that the partial widths obtained in Ref. [19] depend on unknown couplings (for the J/ψDD, Σ c DN and their HQSS related vertices) and are sensitive to the cutoff value introduced to regularize the ultraviolet divergent triangle loop integrals. The decays of the 1/2 − P c states as D ( * ) Σ c hadronic molecules into J/ψN, η c N andD ( * ) Λ c were very recently discussed in Ref. [62] considering HQSS.
In this paper, we investigate the decays of all the six P c hadronic molecules with J P = 1/2 − or 3/2 − into J/ψN and η c N with a formulation respecting HQSS, and predict ratios of the partial widths, which are free of unknown coupling constants. The paper is organized as follows. The amplitudes are worked out in Section II with details given in Appendix A.
Numerical results and related discussions are presented in Section III. Section IV is a brief 1 The statistical and systematic uncertainties in Ref. [2] are added in quadrature here. 2 The results in Refs. [60, 61] indicate that the dominant decay modes of the P c states should beD ( * ) Λ c instead of the J/ψN . one can see, the diagonal potentials depend on both C a and C b while the channel coupling is controlled by the parameter C b .
The T -matrix of theD ( * ) Σ ( * ) c scattering, t, is obtained by resumming the s-channel bubbles with the coupled-channel Lippmann-Schwinger equation, which satisfies unitarity,
where v in Eq. (1) is used as the interaction kernel, 4 and G is an diagonal matrix given by the nonrelativistic meson-baryon loop functions. Using a Gaussian form factor f (q/Λ) = e −q 2 /Λ 2 to regularize the ultraviolet divergence as in Refs. [21, 59] , the loop function G X (W ) in channel-X as a function of the total energy, W , in the meson-baryon center-of-mass (CM) frame is given by
where m X and M X denote the meson and baryon masses in that channel, respectively, and
is the meson-baryon reduced mass. In this work, we take isospin averaged hadron masses, and theD ( * ) and Σ ( * ) c widths are ignored. 5 Two values of the Gaussian cutoff Λ, 0.7 GeV and 1 GeV, will be taken in order to check the uncertainty of the results. The values are chosen such that they are larger than the binding momenta in all the involved channels (much larger than that in the dominant one) and still much smaller than the charmed hadron masses so that no significant HQSS breaking will be introduced by Λ. The T -matrix in Eq. (2) has poles, and the real parts correspond to the masses of the hadronic molecules generated from the interactions.
In Eq. (1), there are two constants C a and C b that should be determined. We fix these two parameters so as to reproduce the observed peak positions of the P c (4440) and the P c (4457). Following Ref. [21] , we consider two cases for the spin assignment of P c (4440) and P c (4457) asD * Σ c molecular states:
Case 1: P c (4440) and P c (4457) have J = 1/2 and 3/2, respectively; Case 2: P c (4440) and P c (4457) have J = 3/2 and 1/2, respectively. 4 There is a factor from the nonrelativistic normalization of the heavy meson fields, see Appendix A. 5 The widths of the Σ * c states are around 15 MeV [63] , similar to the measured widths of the P c states.
The decays of the Σ 
The parameters C a and C b in these two cases are given in the left and right panels of Table II, respectively. In both two cases, the magnitude of C b is much smaller than that of C a in order to produce poles at 4440 MeV and 4457 MeV in theD * Σ c channel. From Table I , this means that the channel coupling is rather weak, and all diagonal interactions have similar strengths so that one expects to have sevenD
c hadronic molecules.
By choosing appropriate Riemann sheets we find resonance and bound-state poles. As in Refs. [20, 21] , seven states ofDΣ c (J = 1/2),DΣ Tables III and IV , respectively. For each of these states, its effective coupling constants to the meson-baryon channels can be obtained from the residues of the corresponding pole of the T -matrix elements, namely
The so-obtained effective coupling constants are given in Tables V and VI Tables III and IV. For each spin J, the lowest state is a bound state pole, while the higher ones are resonance poles (P c3,c4,c5,c6 ) with a small imaginary part, which is again due to the smallness of C b which appears in the off-diagonal part of the interaction kernel. The absolute value of the imaginary part can be identified as half of the partial width of the decays of that state into the channels with lower thresholds. Dominant channel Λ = 0.7 GeV Λ = 1 GeV
4374.9 (10.5) 4375.5 (9.9) 
c → J/ψN amplitude with spin J as follows,
where g 1 is a coupling constant, and 
TheD * Σ * c with J = 5/2 does not couple to the S-wave J/ψN . One notices that all the S-wave transition amplitudes depend on the same parameter g 1 due to HQSS. As a result, one can make parameter-free predictions for the ratios of partial widths.
Because the η c and the J/ψ form a doublet of HQSS (see, e.g., Ref. [64] and references therein), we can also relate the partial decay widths of the P c into J/ψN and η c N . In the 
where the η c N only couples to the states with J = 1/2 in an S wave. The ratios
agree with those derived in Ref. [62] .
C. P c → J/ψN and P c → η c N decay amplitudes
The mechanism for the decay P c → J/ψN for the P c asD 
, and X = D * Σ * c (J = 5/2). Here, the coupling constants g P ci ,X are those defined in Eq. (4). The 6 The rescattering is modeled by charmed-meson exchanges in Ref. [19] .
meson-baryon loop function in channel X,G X , is given bỹ
where the Gaussian form factor e −q 2 /Λ 2 is only introduced for the P c →D ( * ) Σ ( * ) c vertex, and the cutoff Λ is chosen to be the same as that in theD ( * ) Σ ( * ) c scattering T -matrix. With these amplitudes and taking into account the nonrelativistic normalization factors, the partial decay widths are given by
with Källén function λ(x, y, z) = x 2 +y 2 +z 2 −2xy −2yz −2zx. Note that the spin averaging has been taken into account in the amplitudes given by Eqs. (9) and (10) (see Appendix A), derived using the 9j symbol technique, and there is no need to introduce an additional factor of 1/(2J + 1) for calculating the decay width.
III. RESULTS

A. Considering only the dominant channel
First, we show the results of the P c decay into J/ψN with a simplification in Eq. (9), i.e., we approximate the sum over X for the intermediate states by considering only the channel which has the largest coupling to P ci (as listed in Table III and IV for Case 1 and Case 2, respectively). Then the decay amplitude is
with X =DΣ c (i = 1),DΣ * c (i = 2),D * Σ c (i = 3, 4), andD * Σ * c (i = 5, 6). A few remarks are in order here. In the single-channel case, the effective coupling constant of the P ci state to the constituent channel X is related to the binding energy E Bi ≡ m X + M X − M P ci , with m X and M X the meson and baryon masses in channel-X and M P ci the mass of P ci , as g 2 P ci ,X ∝ E B,i [65] (see, e.g., Sections III.B and VI.B of Ref. [3] ). The nonrelativistic loop integralG X is linearly divergent; working out the regularized integral in Eq. (3), one getsG
If we keep only the LO term in the expansion in powers of 2µ X E B,i /Λ, the Λ-dependence can be absorbed by g 1 , which needs to scale as 1/Λ, via a multiplicative renormalization.
As a result, at LO the product G X g 1 is independent of Λ, and we obtain the following factorization formula
where the factor ∝ g 1 /Λ encoding the short-distance physics is not shown and the factor √ E Bi encodes the long-distance physics from the hadronic molecular nature. Its physical meaning is as follows: decreasing the binding energy, the size of the hadronic molecule increases; then its decay by recombining the quark contents in the two constituent hadrons becomes more difficult, and the decay rate decreases with a speed proportional to the square root of the binding energy.
With the above formula, one can easily work out ratios of the partial widths of different 
where again the first and second numbers in the parentheses are obtained using Λ = 0.7 GeV and Λ = 1 GeV, respectively.
C. Discussions
Note that P c3 [P c4 ] is assigned as the P c (4440) [P c (4457)] in Case 1, and P c4 [P c3 ] is assigned as the P c (4440) [P c (4457)] in Case 2; in both cases, P c1 refers to the P c (4312). From the above numerical results, one finds that the partial widths of P c3 and P c4 , i.e. P c (4440) and P c (4457), into the J/ψN are very different, and at least one of them is much larger than that of the P c (4312). In the measured J/ψp invariant mass distribution of the Λ −0.21 for P c (4312), P c (4440) and P c (4457), respectively, where the statistical and systematic errors in Ref. [2] have been added in quadrature. Using the values in Eq. (18), we obtain the ratios The production mechanism of the P c states from Λ 0 b decays in the hadronic molecular model is shown in Fig. 2 . Using the same arguments leading to Eq. (16), one gets the factorization formula for the production rate as the product of a short-distance part and a long-distance part. The long-distance part is proportional to the square root of the binding Moreover, one finds that the partial widths of the P c3 , P c5 and P c6 are all much larger than that of P c1 , i.e., P c (4312). However, no visible P c peaks around 4.50 to 4.52 GeV (the mass region of P c5,c6 in both Case 1 and Case 2) can be seen in the J/ψp invariant mass distribution. This indicates that either the P c5 and P c6 states are much more difficult to be produced than the P c (4312), or there are other mechanisms for producing the observed three P c states. One possibility is that the observed peaking structures are a result of an intricate interplay between theD ( * ) Σ c hadronic molecules and the triangle singularities discussed in
Refs. [67] [68] [69] [70] (see also Appendix of Ref. 
One finds that the partial width of the P c (4312) → η c N is larger than that of the J/ψN mode (see also Ref. [62] ). 8 In both cases, we expect that significant peaks appear around 4.3 GeV from P c (4312) and around 4.5 GeV from aD * Σ * c molecule if the background is of the same order as in the J/ψN case and the productions are similar. The ratior 3 is smaller (larger) than 1 in Case 1 (Case 2) (recall that P c3 refers to the P c (4440) decay in Case 1, and to the P c (4457) decay in Case 2). Thus, a search of hidden-charm pentaquarks in the η c N channel can shed light on the origin of the P c states.
IV. SUMMARY
We have investigated the decays of theD are considered as in Ref. [20] : in one case the spins of P c (4440) and P c (4457) are 1/2 and 3/2, respectively, and in the other case the ordering is reversed. Among all the seven P c states, six (with J P = 1/2 − , 3/2 − ) can decay into the J/ψN in an S wave, and three (with
can decay into the η c N in an S-wave. HQSS allows us to predict parameter-free ratios of the partial widths of these decays. It is found that five P c states with
into the J/ψN more easily than the P c (4312), and the P c (4312) decays into the η c N with a partial width three times that of the J/ψN mode. We find that the partial widths into the J/ψN for the J P = 1/2 −D Σ * c molecule with a mass around 4.37 GeV and the J P = 1/2 − and 3/2 −D * Σ * c molecules with masses in the range from 4.50 to 4.52 GeV are all larger than that for the P c (4312). The nonobservation of any of them could be because they have smaller production rates from the Λ b decays, or the observed peaks receive contributions from other 8 In the pioneering works predicting the existence of hidden-charm pentaquarks [10, 11] , the authors already noticed that the Σ cD hadronic molecule decays more easily into the η c N than into the J/ψN . Since not all of the HQSS related channels were considered therein, the predicted ratio differs a lot from our result. 
H , s
where {...} denotes Wigner's 9j symbol. Then, theD ( * ) Σ ( * ) c states with spin J = 1/2, 3/2, and 5/2 are expressed in terms of the s H and s L eigenstates as follows: 
On the right-hand side of these equations, the trivial arguments sD
are suppressed, i.e., only s L , s H , and J are shown explicitly.
In the heavy quark limit, the spin of heavy quarks decouple from the dynamics, and the interaction only depends on the spin of light degrees of freedom s L (both s L and s H are conserved). We can write the matrix element s L , s H ; J| V int |s L , s H ; J = C (2s L +1)/2 δ J,J δ s H ,s H δ s L ,s L (now we suppress the isospin index because we only consider the I = 1/2 case). With the substitution of C 1 = C a − 2C b and C 2 = C a + C b , one can obtain the transition amplitude from channel X to X (X, X =D ( * ) Σ ( * ) c ), v X,X (J) in Eq. (1), as summarized in Table I. and J/ψN : (5) and (7), which is independent of s H .
The coefficients of the X → J/ψN and η c N transitions, h X(J) andh X(J) in Eqs. (5) and (8) 
where N denotes the nucleon field and J = −η c + σ · ψ is a doublet composed of η c and J/ψ [64, 76] .
